ABSTRACT A screen for mutants of budding yeast defective in meiotic gene conversion identified a novel allele of the POL3 gene. POL3 encodes the catalytic subunit of DNA polymerase ␦, an essential DNA polymerase involved in genomic DNA replication. The new allele, pol3-ct, specifies a protein missing the last four amino acids. pol3-ct shows little or no defect in DNA replication, but displays a reduction in the length of meiotic gene conversion tracts and a decrease in crossing over. We propose a model in which DNA synthesis determines the length of strand exchange intermediates and influences their resolution toward crossing over.
H OMOLOGOUS recombination plays a critical role parental origin. If the two parental duplexes are genetically different within the region of strand exchange, the in maintaining genome integrity throughout cell division. In meiosis, homologous recombination is esresulting hDNA contains mismatched base pairs and is referred to as heteroduplex DNA. sential for proper homolog pairing and for the correct segregation of chromosomes at the first meiotic division.
Single-end invasion intermediates can be channeled toward either of two repair pathways. In the first pathIn vegetative cells, recombination plays an important role during DNA replication by providing a mechanism way, described by the DSB repair model (Szostak et al. 1983; Sun et al. 1989) , DNA synthesis, capture of the to bypass DNA lesions and other obstacles that block replication fork progression. Homologous recombinasecond end, and ligation generate a double Holliday junction intermediate with asymmetric hDNA (i.e., hDNA on tion also provides a means to generate new combinations of genetic markers through gene conversion and only one of the two duplexes) on each side of the DSB and on each chromatid (Figure 1 , left). If a Holliday crossing over, thereby generating genetic diversity among different individuals in the same population. junction undergoes branch migration, then hDNA will be formed on both duplexes (symmetric hDNA). EvenNumerous insights into the mechanism of homologous recombination have been obtained from meiotic studies tually, double Holliday junction intermediates are resolved by cutting, at each junction, either both outside using the convenient model organism, Saccharomyces cerevisstrands or both inside strands. Cutting of the two junciae (Paques and Haber 1999) . Meiotic recombination in tions in opposite directions generates crossovers, while budding yeast is initiated by the formation of DNA doublecutting in the same direction generates noncrossovers. strand breaks (DSBs) at recombination hotspots. The The second pathway is described by the synthesisstrands with 5Ј ends at the site of the break are processed dependent strand annealing (SDSA) model (Paques to expose single-stranded tails with 3Ј termini (Figure and Haber 1999) and supported by recent meiotic stud-1). DSB formation and 5Ј-end resection are followed by ies (Allers and Lichten 2001; Merker et al. 2003) . invasion of an intact nonsister chromatid by only one
According to the SDSA model ( Figure 1, right) , the of the two single-stranded tails (Hunter and Kleckner invading strand is extended by DNA synthesis and then 2001). Single-end invasion results in hybrid DNA (hDNA) subsequently displaced. The newly synthesized DNA in which the two strands in a duplex are of different strand then anneals to the single-stranded tail on the other side of the break. DSB repair is completed by DNA synthesis and ligation. on the chromatid that suffered the DSB. The SDSA or junction resolution. This study provides insight into some of these issues. repair pathway does not lead a priori to the formation of double Holliday junctions and therefore produces
We describe a novel allele of the POL3 gene of S. cerevisiae coding for the catalytic subunit of DNA polyonly noncrossover products. Although SDSA is a common mode of DSB repair in vegetative cells (Paques merase ␦. This mutation has little or no effect on DNA replication or DNA damage repair in vegetative cells. and Haber 1999), the extent to which it contributes to meiotic recombination remains unclear.
However, during meiotic recombination, the mutant produces shorter strand exchange intermediates and Although early intermediates in meiotic recombination have been characterized by extensive genetic, biofewer crossover products. These results lead us to propose a role for Pol␦ in meiotic recombination beyond chemical, and physical analyses, the later steps remain obscure. For example, it is not understood what deteran involvement in simple gap repair. mines the channeling of single-end invasion intermediates into either of the two repair pathways. In the DSB MATERIALS AND METHODS repair pathway, it is not known what controls the elongation of strand exchange intermediates, second-end capIsolation and mapping of the pol3-ct mutant: The pol3-ct mutant was isolated using the homothallic (HO) strain S2702 ture, formation of Holliday junctions, branch migration, dilutions on YPD and synthetic medium. UV irradiation was performed using a 264-nm source delivering 1 J/m 2 /sec. ␥ 260 leu2-3,112 lys2-1 thr1-4 trp1-289 ura3-1) . After induction of sporulation and spore enrichment (Rockmill et al. 1991) irradiation was performed using a 137 Cs source. Cells were treated with 0, 100, 200, and 400 Gy. Survival was determined spores were mutagenized with ultraviolet (UV) light to 50% survival and plated on YPD medium. Spore colonies were as the number of cells forming colonies on YPD medium after a given dose of irradiation divided by the number of colonies replica plated to sporulation medium and then to medium lacking uracil to assay the production of uracil prototrophs.
derived from cells not irradiated. Each experiment was carried out at least three times with qualitatively similar results. The pol3-ct mutant was identified on the basis of a strong decrease (‫-01ف‬fold) in meiotic Ura ϩ prototroph formation.
Genetic analysis: For meiotic analysis of AS strains, cells were incubated in 5 ml of liquid YPD medium overnight, Mapping of the pol3-ct mutation was carried out using multiwashed once with water, and then resuspended in 10 ml liquid ply marked strains (X4119-15D, STX145-15D, STX82-3A, sporulation medium and incubated at 18Њ for 5 days. Tetrads STX153-10C, STX75-3C, STX147-4C, X4120-19D, STX-6C, were treated with zymolyase in 1 m sorbitol for 10 min and and STX155-9B) obtained from the Yeast Genetic Stock Cendissected on YPAD plates. After 3 days, they were replica plated ter. Strains from our own collection carrying mutations in to appropriate omission media to follow the segregation of nutrivarious meiotic genes (e.g., MSH5 and REC102) were also used.
tive markers. Data were used from four-spore-viable tetrads only, Strains and plasmids: Strains used to characterize the effect which composed ‫%06ف‬ of tetrads for both wild-type and pol3-ct of pol3-ct in meiosis are derived from the haploid strains AS4 strains. To compare nonparental ditype (NPD) ratios between (MAT␣ trp1-1 arg4-17 tyr7-1 ade6 ura3 MAL2) and AS13 (MATa wild-type and pol3-ct strains, a contingency chi-square test was leu2-Bst ura3 ade6 ) (Nag et al. 1989) . AS4 is a HIS4 strain, performed for each interval, using the observed and expected while the PD strains are his4 strains derived from AS13 by NPD values for wild type and mutant. transformation. PD75 is his4-ACG (a T to C transition in the initiating codon), PD5 is his4-519 (a 1-bp insert at ϩ473), PD22 is his4-712 (a 1-bp insert at ϩ1396), PD24 is his4-713 (a 1-bp insert at ϩ2270), and DNY25 is his4-lopc (insertion of a RESULTS palindromic sequence at the Sal I site in HIS4). pol3-ct derivatives of these strains were constructed by the two-step trans-
Isolation and genetic mapping of the pol3-ct mutant:
placement procedure (Rothstein 1991) . In the first step, A novel screen for mutants defective in meiotic gene strains were transformed with HindIII-digested LM␦1 (see beconversion was devised. The starting strain is a HO diplow). Then Ura Ϫ derivatives of Ura ϩ transformants were seloid homozygous for the ura3-1 allele at the URA3 locus to tester strains carrying ura3-Stu and the conversionformation, which was assayed in both AS strains and strain BR2495 (Rockmill and Roeder 1990) and its pol3-ct derivative defective allele; the resulting diploids were sporulated LMR1/2. BR2495 has the following genotype: MATa/MAT␣ and screened for the production of uracil prototrophs. This mapping localized the mutation to the left arm of
chromosome IV, 22 cM centromere proximal to MSH5 a wild-type copy of POL3 complements the mutant deCells in stationary phase (UV) or exponentially growing (␥-rays) were washed in 0.9% NaCl and plated at appropriate fect. When the POL3 gene was amplified from the mu- The pol3-ct mutation was mapped by crossing to strains carrying 48 different markers dispersed throughout the genome. Beyond a genetic distance of 50 cM, genetic independence is expected. Therefore, tetrad analyses showing no linkage between the mutation of interest and a given marker define a region of 50 cM on both sides of the marker in which the mutation cannot lie. Such regions are indicated by rectangles, shown in black up to 35 cM away from the marker and in gray from 35 cM to 50 cM (e.g., the ADE3 marker on chromosome VII). Centromeric markers (e.g., ADE1 and TRP1) indicated that the conversion-defective mutation is not linked to its centromere; therefore, all centromeres are covered by rectangles. Mapping showed that the pol3-ct mutation is approximately at the center of a region defined by the MSH5 and MBP1 genes. tant strain by PCR and sequenced, a point mutation Replication defects caused by a deficient Pol␦ can result in the accumulation of mutations (Datta et al. was found in the POL3 open reading frame at position ϩ3268, 11 bp before the last nucleotide ( Figure 3A) . 2000) and/or DNA lesions that are potential recombination substrates (Aguilera and Klein 1988) . In addition, This allele changes a leucine codon (TTA) to a stop codon (TAA). As a consequence, the protein is missing Pol␦ has been proposed to play a role in DNA damage repair (Giot et al. 1997) . We therefore examined the the last four amino acids (LSKW). The mutant was therefore named pol3-ct, for POL3 C-terminal truncation. The effect of pol3-ct on mutation rate, mitotic recombination, and sensitivity to DNA-damaging agents. These mutation does not lie in any of the conserved domains of the protein; in particular, pol3-ct does not affect the experiments were carried out at 30Њ, the optimum temperature for yeast cell growth. In addition, since the putative zinc finger domains also located near the carboxy terminus of the protein.
meiotic experiments described below were carried out at 18Њ, a subset of vegetative phenotypes was also exampol3-ct does not show growth or DNA repair defects: Since POL3 is an essential gene responsible for the polyined at this temperature. We found no change in mutation rate at the CAN1 locus at 30Њ and a modest (but merase and proofreading activities of Pol␦ (Hindges and Hubscher 1997), it was important to determine statistically significant) twofold increase at 18Њ ( Figure  3B ). There was no change in mitotic intragenic recombinathe effects of pol3-ct in vegetative cells. Growth of pol3-ct mutants is normal at 18Њ and 30Њ; pol3-ct grows slightly tion at either temperature ( Figure 3, C and D) . The pol3-ct mutant does not display enhanced sensitivity to UV irradislower than wild type at 37Њ (doubling time of 150 min for POL3 vs. 165 min for pol3-ct). These results indicate ation ( Figure 3 , E and F) or to ␥ irradiation ( Figure 3G ). pol3-ct changes the conversion gradient at HIS4: The that DNA synthesis is not impaired in pol3-ct mutants as it is in thermosensitive mutants of POL3 that show cell pol3-ct allele was originally found to decrease meiotic intragenic recombination between heteroalleles of the cycle arrest when switched to nonpermissive temperatures (Conrad and Newlon 1983).
URA3 gene, suggesting that pol3-ct affects gene conver- sion. To determine which step(s) of meiotic gene converstrongly accentuated in the pol3-ct background (Table  1 ; Figure 4A ). No effect on non-Mendelian segregation sion might be altered, conversion was examined at the HIS4 recombination hotspot (Nag et al. 1989 ). These exfrequencies was seen for the most 5Ј marker, indicating that initiation of recombination at HIS4 is not altered periments were carried out at 18Њ, the temperature at which the frequency of non-Mendelian segregation is maxin a pol3-ct background. In contrast, there is a decrease in gene conversion for all other markers in HIS4. The imal in the strain background used for this analysis.
Non-Mendelian segregation is observed at high freeffect of pol3-ct increases progressively within HIS4 to a maximum of sixfold at the 3Ј end of the gene. We therequency at HIS4 (Table 1) due to the presence of a meiotic DSB site just upstream of the gene (Fan et al. fore conclude that formation of hDNAs starting at the initiation site upstream of HIS4 is not impaired in the 1995). hDNAs spanning regions of heterologies within HIS4 contain mismatches. Correction of these mispol3-ct mutant. However, these hDNAs extend shorter distances into HIS4 in pol3-ct than in wild type. matches can lead to gene conversion (3:1 or 1:3 segregations), whereas unrepaired mismatches lead to postmeiPrevious studies have shown that polarity gradients are largely abolished when mismatch repair is inhibited otic segregations (sectored colonies). An important feature of the HIS4 meiotic hotspot is that it shows a (Detloff et al. 1992; Alani et al. 1994) . Two observations indicate that the effect of pol3-ct on the HIS4 conconversion gradient with its high end at the 5Ј end of the gene next to the initiation site (Detloff et al. 1992) .
version gradient is not due to an alteration in the efficiency of mismatch repair. First, for none of the his4 Remarkably, the conversion gradient within HIS4 is Diploid strains are designated according to the names of their haploid parents (see materials and methods). Data for the ARG4, TYR7, LEU2, and MAT markers represent pooled data from the five wild-type strains and the five pol3-ct strains used to examine the segregation of different HIS4 alleles. wt, POL3/POL3 diploid; pol3-ct, pol3-ct/pol3-ct diploid. The nomenclature used for meiotic segregation frequencies refers to the eight DNA strands (four chromatids) present in meiotic prophase. The different types of meiotic segregation are 4:4 (normal Mendelian segregation), 6:2 and 2:6 (gene conversion), 5:3 and 3:5 (tetrads with one sectored colony indicating an unrepaired mismatch in hDNA), ab4:4 (aberrant 4:4; one wild-type, one mutant, and two sectored colonies), and 8:0 and 0:8 (tetrads with four spores of a single genotype). "Other" includes aberrant 6:2 segregations (two wild-type and two sectored colonies) and aberrant 2:6 segregations (two mutant and two sectored colonies) as well as 7:1 segregations (one sectored and three wild-type colonies) and 1:7 (one sectored and three mutant colonies). The percentages of non-Mendelian segregation in wild-type and pol3-ct strains were compared by chi-square tests. *Fold decreases from wild type that are statistically significant (P Ͻ 0.001). NMS, non-Mendelian segregation.
alleles examined does the pol3-ct mutation increase the The pol3-ct effect on gene conversion is not specific to the HIS4 locus: The decrease in meiotic gene converfrequency of 5:3 and 3:5 segregations (indicative of a failure to repair) relative to 6:2 and 2:6 segregations sion in pol3-ct is not specific to HIS4. A twofold decrease in conversion was also found at the ARG4 and TYR7 loci (indicative of repair). Second, a HIS4 mutation (his4-lopc) that usually escapes mismatch repair (even in wild type) ( Table 1) . At the MAT locus, parental alleles in diploids differ by a heterology of 700 bp. An mlh1 mutant, which shows a decreased frequency of non-Mendelian segregation in the pol3-ct mutant (Table 1) .
is deficient in mismatch repair, shows high frequencies Table 2 . For each interval, the size of the map distance as a percentage of the map distance in wild type (% wt) is indicated. Also presented is the probability (Prob.), based on a chi-square test, that the difference between wild-type and mutant map distances is due to chance. For the HIS4-LEU2 and LEU2-MAT intervals, map distances were calculated using the following formula: map distance (in centimorgans) ϭ [(TT ϩ 6NPD)/2(PD ϩ NPD ϩ TT)] ϫ 100. The number of NPD tetrads expected (NPD exp.) in the absence of interference was calculated on the basis of the observed number of TT tetrads (Papazian 1952) . The NPD ratio is the number of NPD tetrads observed divided by the number expected. The probability (Prob.), based on a chi-square test, that the difference between the observed and expected numbers of NPD tetrads is due to chance is indicated. Map distance between ARG4 (or TYR7) and its centromere was determined using a trp1 mutation, which is tightly linked to its centromere on chromosome IV. In this case, map distances were calculated using the following formula: map distance (in centimorgans) ϭ (Table 1) , strengthening the conclusion ble 2; Figure 4C ). In fact, in both intervals tested, the that the decrease in gene conversion does not depend NPD ratio in the mutant is lower than that in wild type on the nature of the segregating mutations. No decrease (indicating stronger interference); this difference is stain conversion was observed for the leu2-Bst marker. On tistically significant only in the LEU2-MAT interval (P Ͻ the basis of the results obtained at HIS4, it is likely that 0.05). the leu2-Bst marker is close to a recombination initiation site.
Crossing over is decreased in pol3-ct strains: pol3-ct DISCUSSION strains show wild-type levels of sporulation ‫)%03ف(‬ and pol3-ct is a separation-of-function allele: Previous studspore viability ‫.)%09ف(‬ These results, together with the ies of the role of Pol␦ in recombination have been comstudies of gene conversion described above, indicate plicated by the use of temperature-sensitive alleles, that DSB formation and repair occur as efficiently in which have modest defects in DNA replication even pol3-ct strains as they do in wild type. To gain insight at permissive temperatures. Nevertheless, it has been into the resolution of recombination intermediates in possible to show that Pol␦ is required in vegetative cells the mutant, crossover formation was analyzed by meafor gene conversion events induced by irradiation and suring map distances in four genetic intervals on three for repair of a DSB at the MAT locus (Fabre et al. 1991 ; different chromosomes. In all intervals, map distances Holmes and Haber 1999) . This study is the first to are decreased, on average to 66% of the wild-type level demonstrate a role for Pol␦ in meiotic recombination. (Table 2 ; Figure 4B ). These results suggest a role for Our data demonstrate that the pol3-ct mutant has little DNA synthesis in promoting crossover formation.
or no defect in DNA replication or DNA damage repair Crossovers show interference in pol3-ct strains: Meiin vegetative cells. In addition, we have found that pol3-otic crossovers are nonrandomly distributed such that ct does not affect spore formation or spore viability, two crossovers rarely occur close together, a phenomeindicating that premeiotic DNA replication is efficient. non known as crossover interference. The effect of the Thus, pol3-ct acts as a separation-of-function allele that pol3-ct mutation on interference was investigated by measpecifically impairs a function of Pol␦ involved in meisuring NPD ratios, which can be roughly defined as the otic recombination. This characteristic of the pol3-ct alfrequency of double crossovers observed in a marked interval divided by the number expected in the absence lele makes it a unique tool to investigate the role of Pol␦ repair pathway? We propose a model in which Pol␦ does not simply serve to fill in single-stranded gaps, but rather plays a determining role in hDNA extension. According to the DSB repair model, DNA synthesis primed from the 3Ј end of the invading strand enlarges the D-loop; the displaced DNA subsequently captures the second single-stranded tail, which in turn primes repair synthesis. We propose that Pol␦ subsequently increases the length of asymmetric hDNA by promoting DNA synthesis that is coupled to extended removal of the resected strand either by strand displacement or by further 5Ј to 3Ј resection ( Figure 5B ). In this scenario, DNA synthesis would be de facto coupled with junction migration; consequently, asymmetric hDNA could be extended prior to the formation of ligated double Holliday junctions. This hypothesis would explain nicely why asymmetric hDNAs at HIS4 (and at other recombination hotspots A specific interaction between Pol␦ and a component in meiotic recombination, unimpeded by the complications associated with temperature-sensitive mutations.
of the recombination apparatus might be required for synthesis-coupled junction migration. In the pol3-ct muPossible roles for Pol␦ in determining gene conversion tract length: Our results suggest that pol3-ct strains tant, this interaction might not occur efficiently such that Pol␦ is removed upon reaching the first 5Ј end, initiate the wild-type number of meiotic recombination events; however, the average length of hDNA formed thus preventing further hDNA extension. Possible roles for Pol␦ in meiotic crossing over: In is shorter than that in wild type. It is not clear why the pol3-ct mutation was originally identified on the basis of addition to altering the length of gene conversion tracts, pol3-ct also decreases the frequency of crossing over. decreased prototroph formation between URA3 heteroalleles. Perhaps both URA3 alleles are far from a DSB How can this observation be reconciled with the models just presented ( Figure 5 )? site; in this case, shortening tract length might decrease the fraction of events that reach either mutation.
If single-end invasion intermediates sustain shorter tracts of DNA synthesis in pol3-ct ( Figure 5B ), this would What does the decrease in gene conversion tract length in pol3-ct strains tell us about the role of wild-type facilitate strand displacement and favor the repair of DSBs through the SDSA pathway. Since SDSA is not Pol␦ in meiotic recombination? Recombination events channeled through the DSB repair pathway necessitate associated with crossing over, a bias toward SDSA (vs. the DSB repair pathway) could account for the decrease the synthesis of new DNA sufficient to replace the sequences removed by processing of DSBs to expose sinin crossing in pol3-ct strains. An alternative (not mutually exclusive) possibility is gle-stranded tails (Figure 1, left) . Therefore, in this pathway, the length of asymmetric hDNA should be at least that pol3-ct decreases the probability of crossing over for events that proceed through the DSB repair pathway. equivalent to the lengths of the single-stranded tails present at DSB sites. In contrast, in the SDSA pathway, Pol␦ might be involved in isomerization and/or the decision as to which strands are to be cut during Hollidisplacement of the invading strand might occur before DNA synthesis extends the full length of the singleday junction resolution. For example, the resolvase that introduces nicks into strands of like polarity at Holliday stranded tail on the other side of the DSB site ( Figure  5A ). In this case, repair synthesis would have to be comjunctions could be directed by Pol␦ to operate on strands with newly synthesized DNA. Such a bias would pleted after annealing of the displaced strand to the complementary single strand. The length of hDNA favor cutting the two junctions in opposite directions and thereby encourage crossover formation. Premature would then be confined to the length of DNA synthesis that occurred on the invaded chromatid. In the pol3-removal of Pol␦ would mean loss of the bias and a decrease in crossing over. ct mutant, DNA repair synthesis might frequently stop earlier than in wild type, perhaps due to weakened propol3-ct does not impair crossover interference: A number of mutants (e.g., zip1, msh4) show a two-to threefold cessivity of Pol␦ during recombination.
How might the pol3-ct mutation affect tract length for decrease in crossing over that is not associated with decreased initiation of recombination (Sym and Roeder gene conversion events that proceed through the DSB
